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We have utilized a new class of acid-cleavable pro- 
tein cross-linking reagents in the construction of an- 
tibody-diphtheria toxin conjugates (Srinivasachar, K., 
and Neville, D. M., Jr. (1989) Biochemistry 28, 2501- 
2509). The potency of anti-CD5 conjugates assayed by 
inhibition of protein synthesis on CD 5 bearing cells 
(Jurkat) is correlated with cross-linker hydrolytic 
rates. The maximum increase in potency of the cleav- 
able conjugates over non-cleavable conventional con- 
jugates is 50-fold and is specific for the CDS uptake 
route as judged by competition with excess anti-CD5. 
The potency of conjugates made from diphtheria toxin 
and the anti-high molecular weight melanoma-associ- 
ated antigen (HMW-MAA) is enhanced 3-10-fold by a 
cleavable cross-linker. However the potency of trans- 
ferrin or anti-CD3 diphtheria toxin conjugates is only 
minimally enhanced (2-3-fold). 

Mutant diphtheria toxins, CRM103 and CRM9, pre- 
viously shown to express less than Vioo of the wild type 
in binding affinity were substituted into these conju- 
gates as probes for possible intracellular toxin receptor 
interactions. Both mutants were equally as toxic to 
Jurkat target cells exhibiting V700 the wild-type po- 
tency. CRM9 non-cleavable conjugates were equally as 
potent as wild-type conjugates for transferrin and anti- 
CD3-mediated uptake but not for anti-CD5-mediated 
uptake where toxicity was reduced 60- fold over the 
wild-type analog. The cleavable cross-linker enhanced 
the toxicity of anti-CD5-CRM103 and anti-CD5- 
CRM9 conjugates, but potency was only Vio that of the 
analogous wild-type cleavable conjugate. 

These data are consistent with a model in which 
potentiation of toxicity of the anti-CD5 and anti-high 
molecular weight melanoma-associated antigen conju- 
gates by the cleavable cross-linker occurs from an 
enhanced intracellular toxin-toxin receptor interac- 
tion that ultimately results in increased toxin translo- 
cation to the cytosol compartment. In contrast, these 
data indicate that the anti-CD3 and transferrin uptake 
systems do not require this interaction in agreement 
with previous work (Johnson, V. G., Wilson, D., Green- 
field, L., and Youle, R. J. (1988) J. Biol, Chem, 263, 
1295-1300). 



Immunotoxins are toxins with altered receptor specificity, 
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achieved by coupling a monoclonal antibody (or some other 
cell surface binding moiety) to a protein toxin or to a toxin 
fragment. Immunotoxins are designed specifically to kill tar- 
geted cells in a mixed cell population. As originally conceived 
the receptor binding chain of a toxin (B chain), such as ricin 
or diphtheria toxin, was to be replaced by a new binding 
moiety, which would direct enzymatically active toxin A chain 
into a unique cell population having receptors for the modified 
toxin. It was postulated that hybrid toxins would function as 
toxin analogs and would retain the unique membrane trans- 
location function of the toxins to the cji^osol compartment 
necessary for the inhibition of cellular protein synthesis (1). 
A large number of immunotoxins have been constructed uti- 
lizing a variety of binding moieties and a variety of holo- 
toxins, toxin A chains, and A chains plus various portions of 
the B chain (2). Some of these have proven effective in vitro 
for the elimination of targeted cells from mixed cell popula- 
tions. Applications have included the selection of cells carry- 
ing mutated cell surface epitopes (3) and the depletion of T 
cells from donor bone marrow grafts for the prevention of 
morbid graft versus host disease (4). However, immunotoxins 
to date have had limited effectiveness as clinical or experi- 
mental agents in vivo (2, 5). Our view has been that this lack 
of in vivo efficacy is due to the fact that B chain domains 
necessary for efficient toxin translocation (and therefore spe- 
cific cell killing) also impart significant toxicity to non-target 
cells. For a variety of reasons this non -target cell toxicity is 
more difficult to obviate in vivo than in vitro (5). 

This laboratory has had a long-term interest in defining 
the determinants of immunotoxin efficacy. We first reported 
that diphtheria toxin A chain and ricin A toxin conjugates 
exhibited low cell-killing efficacy (6, 7). Efficacy was partially 
restored by inclusion of the entire B chain within these 
conjugates. With ricin conjugates we found that the B chain 
domain necessary for maximal efficacy included a functional 
lactose binding site. We proposed that an intracellular ricin 
binding site was necessary for maximal efficacy even though 
cellular entry was mediated by an alternate receptor (8). 
Supporting evidence for this thesis has appeared from a 
number of investigations (9-11). It is still not clear, however, 
whether the intracellular ricin receptor interaction represents 
an efficacious routing to the site of processing and/or trans- 
location or whether the receptor interaction is directly tied to 
membrane translocation. 

Numerous publications have addressed the question as to 
which B chain domain(s) are necessary for diphtheria toxin 
conjugate efficacy (12-17). The methodology has been to 
construct toxin conjugates having either large deletions or 
point mutations in the toxin binding site. Conjugated hor- 
mones, lectins, growth factors, and monoclonal antibodies to 
cell surface epitopes have dictated the alternate uptake route. 
The potency of these conjugates has been compared with 
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intact toxin conjugates. From one such study utilizing DT* 
binding site point mutations the claim was advanced that the 
receptor binding function of the B chain is not necessary for 
maximal translocation efficacy (16, 17). However, the data 
presented in support of this claim were limited to uptake 
processes mediated by either the transferrin receptor or the 
T cell epitope CDS. In the case of a study utilizing Pseudom- 
onas exotoxin A the claim was cdso made that the domain 
mediating toxin binding to surface receptors and the domain 
mediating toxin translocation are completely separable (18). 
However, the published data (19) show wide changes between 
the toxicity of conjugates constructed with intact toxin and a 
reduced binding truncated form of the toxin, PE40. These 
changes vary by uptake route. 

In the present study we approach the question of internal 
toxin receptors and immunotoxin efficacy with a new meth- 
odology, the use of mild acid-cleavable cross-linking reagents. 
The rationale that led to this approach is as follows. If one 
postulates that a unique toxin B chain domain must interact 
with an internal cellular binding structure (receptor), either 
for efficacious routing productive in toxicity or directly in the 
translocation process, then this interaction might be dimin- 
ished by the antibody or other ligand involved in the conju- 
gation process. If the conjugation was made with a cross- 
linker cleavable within the endosome, free toxin would be 
deposited there and the essential interaction would be en- 
hanced over a conventional non-cleavable conjugate. If the 
essential toxin internal receptor interaction involved the toxin 
binding site, which also binds surface membrane receptors (as 
postulated for ricin immunotoxins), then the therapeutic win- 
dow between target and non-target cells could be enlarged by 
constructing the immunotoxin so that the toxin binding site 
was sterically blocked to the highest degree possible prior to 
cross- linker cleavage. On the other hand, if the toxin surface 
membrane binding site was not essential internally, the site 
could be irreversibly blocked either chemically (8) or by the 
use of toxin binding site mutants (16). Thus a series of toxin 
conjugates constructed with cleavable and non-cleavable 
cross- linkers, and with both wild-type and toxin binding site 
mutants, and utilizing a variety of receptor mediated uptake 
routes could serve as probes for internal receptor toxin inter- 
actions along the toxin translocation pathway. 

In the present study we have constructed a series of conju- 
gates based on diphtheria toxin and diphtheria toxin binding 
site mutants CRM103 (16) and CRM9 (20) utilizing acid- 
cleavable and non-cleavable cross -linkers. Immunotoxins di- 
rected at T cell antigens CD5 and CDS (CDS and CDS, T cell 
surface membrane epitopes) and the high molecular weight 
melanoma-associated antigen (HMW-MAA) as well as trans- 
ferrin toxin conjugates have been utilized. The potency and 
efficacy of these conjugates have been assayed on the appro- 
priate receptor bearing target cells by the inhibition of protein 
synthesis. 

The synthesis of a new class of acid-cleavable protein cross- 
linking reagents based on orthoester, acetal, and ketal func- 
tionalities has been described (21). The unique feature of 
these functionalities is that their observed hydrolytic rate 
constants increase 10 -fold for each unit drop in pH, a conse- 
quence of specific H3O* catalysis leading to a carbonium ion 
intermediate (22). Moreover, these functionaUties are resist- 
ant to base catalysis permitting manipulation and storage at 
alkaline pH, The cross-linking reagents react with proteins 



* The abbreviations used are: DT, diphtheria toxin; SMPB, succi- 
niniidyl-4-(p-maleimidophenyI) butyrate; BMH, bis- male imidohex- 
ane; TfR, transferrin receptor; HMW-MAA, high molecular weight 
melanoma -associated antigen; SDS, sodium dodecyl sulfate. 




Fig. 1. The structures of acid-cleavable cross-linkers used 
in this study are shown above. Hydrolytic rates are detailed in 
Fig. 2 and Table I and decrease in ascending numerical order. BMEP, 
bis-maleimidoethoxy propane. 

via heterobifiinctional groups (maleimide and JV-hydroxysuc- 
cinimide ester) or homobifimctional groups (bis-maleimide). 
The maleimide cross-linking is accomplished by prior protein 
thiolation with iminothiolane. Cross -linked proteins exhibit 
first-order dissociation under acid conditions. The tv4 at pH 
6.5 varies between 0.1 and 130 h for a series of six different 
cleavable cross-linkers (21), In the present study we have 
largely used ketal cross-linkers. Acid-catalyzed hydrolysis 
breaks both 0-C-O bonds at the central carijon, generating 
the parent ketone and 2 mol of the maleimidoethyl alcohol. 

MATERIALS AND METHODS 

Synthesis of Cross-linkers— Compounds 1 and 3 (Fig. 1) were 
synthesized from the corresponding diethyl ketais by acid-catalyzed 
ketal exchange with iV-(2-hydroxyethyI)maleimide as described pre- 
viously for compound 2 (16). The NMR spectral data for these 
compounds are in accord with their structure. Both 1 and 3 are 
crystalline compounds with melting points 102-104 and 113-114 °C, 
respectively. 

Mutant Toxins — CRM9 was produced from Corynebacterium diph- 
theriae strain C7 "'•2oi"-9'«) obtained from Dr. Randall K. Holmes, 
Department of Microbiology, Uniformed Health Services, Bethesda, 
MD. A mutant toxin strain producing CRM103 (23) was obtained 
from Dr. Neal Groman, Department of Microbiology, University of 
Washington. Mutant toxins were grown in the NIH Pilot Plant by 
Dr. Joseph Shiloach in small fermentors using low iron C-Y media 
previoiisly described (24, 25) with the exception that the deferration 
step was omitted. Iron was scavenged by Chelex 100 treatment^ and 
replenished at 0.075 ng/m\ (26). Culture conditions were as described 
for optimal toxin production for C7^ strains of corynebacteria (25, 
26). CRM9 was produced in good yields (~20 /ig/ml culture medium) 
probably as a consequence of an additional mutation rendering toxin 
production independent of iron (26),^ Mutant toxins were nicked 
(>90%) with trypsin following purification as described for wild-type 
toxin. Mutant toxins were additionally purified by size exclusion over 
GF-250 columns (Du Font-New England Nuclear). Wild-type toxin 



^ R. Holmes, personal communication. 
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was obtained in nicked form from Connaught Laboratories (Toronto). 
In a guinea pig assay the minimum lethal dose of CRM9 was found 
to be 200 times that of wild- type toxin. 

- Synthesis of Con/u^ates— Conjugates were synthesized and char- 
acterized as described previously (21). TlOl, a murine anti-human T 
cell monoclonal IgG reactive with the human T cell CDS epitope, was 
a gift of Hybritech {San Diego). SV10016, a monoclonal IgG reactive 
with HMW-MAA (27) was a gift of Dr. Soldano Ferrone, Department 
of Microbiology and Immunology, New York Medical College, Val- 
halla, NY. UCHTl a monoclonal IgG reactive against the human T 
cell epitope CD3 was purchased from Oxoid USA, Inc., Charlotte, 
NC. Toxins and antibody were derivatized with 1-2 thiol group/mol 
using iminothiolane (Pierce Chemical Co.) and freed of excess reagent 
by G-26 fine (Pharmacia LKB Biotechnology Inc.) chromatography. 
Cross-linkers 1» 2, 3 or BMH (Pierce Chemical Co.) in 15-fold excess 
over thiol were added to the thiolated toxin at pH 8.5 resulting in a 
derivatizfltion of ~1 free maleimide residue per mol following G-25 
fine chromatography. Derivatized antibody and toxins in excess were 
combined for 45 min and the conjugate product was purified by size 
exclusion using a GF-250 colunan (Du Pont-New England Nuclear) 
atpH 8.5 in 90 mM NajSO^, 10 mM NaHaPO*, 1 mM disodium EDTA. 
All conjugates produced indistinguishable chromatograms and were 
fractionated identically (21). The average composition of these con- 
jugates determined from hydrolysis of cleavable conjugates was found 
to be 1 mol of DT per mol of IgG. The heterobifunctional non- 
cleavable cross-linking reagent SMPB was obtained from Pierce 
Chemical Co. and conjugation was carried out as described previously 
(21). 

Determination of Half -time of Hydrolysis— These were determined 
as described previously (21). Following pH reduction, chromatogra- 
phy at different times on GF-450 column (Du Pont-New England 
Nuclear) in the presence of SDS resolved conjugate, toxin, and 
antibody peaks utilizing UV detection fed to an integrator. The 
fraction hydrolyzed was referenced to the maximum hydrolyzed. 
Generally over 85% of the initial conjugate peak was hydrolyzed. 

Protein Synthesis Inhibition Assays — These were performed at 
37 "C in RPMI medium plus 0.1% bovine serum albumin as described 
previously utilizing a 45-min pulse of [*'*C]L-Ieucine at the end of the 
incubation (21). Points are averages of six replicates. When toxin/ 
conjugate exposure was less than the total assay time, Vero cells were 
washed in microtiter plates and fresh medium added. With Juxkat 
cells the toxin/conjugate exposure was performed in centrifuge tubes 
which were later spun, the pellet washed, and the cells resuspended 
in 96-well microtiter plates in fresh medium. Because the potency of 
DT and DT conjugates varies from day to day on tissue culture cells, 
as much as a factor of 10, most of the data on protein synthesis 
inhibition displayed in a single figure were collected on a single day. 
If collected on separate days the two DT reference curves or points 
are provided. IC50 tabular values are provided which span many days 
of data collection (ICm, ICbs, and IC37 indicate the molar concentration 
of toxin or toxin in conjugate that reduces protein synthesis 50, 65, 
and 37%, respectively). These tables are provided for ease in assimi- 
lating the large amount of data and the range of DT ICm values is 
provided to indicate the validity of comparisons. 

RESULTS 

Acid-catalyzed Cleavage ofAnti-CDS Diphtheria Toxin Con- 
jugates Constructed with Cleavable Ketal Cross-linkers— Each 
croas-linker is identified by a number. All numbers following 
the term "cleavable conjugate" will identify the cleavable 
cross-linker in the conjugate synthesis. A detailed hydrolytic 
study of cleavable conjugate 2 at pH 6.5, 6.5, and 7.5 is 
presented in Fig. 2. The hydrolysis is observed to be first ' 
order. The half-times of hydrolysis increase 10-fold with each 
unit increase in pH. The half-times of hydrolysis for cleavable 
conjugates 1 and 3 at pH 6.5 were determined by similar 
methodology and are listed in Table I. Conjugate 1 is 1.5-fold 
faster than conjugate 2 while the hydrolytic rate of conjugate 
3 is 15% of conjugate 2. 

Enhancement of Potency of Anti-CD5 Conjugates with 
Cleavable Cross-linkers — The enhancement of potency of con- 
jugates made with cleavable cross -linkers is shown in Figs. 3- 
8. In Fig. 3 the ability of anti-CD5 diphtheria toxin conjugates 
to inhibit protein synthesis is compared for conjugates made 
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Fig. 2. Anti -human CD5 was conjugated to diphtheria toxin via 
the cleavable cross-linker 2 as described under "Materials and Meth- 
ods.** The conjugate was exposed to phosphate buffers at the indicated 
pH for various times, treated with 1% SDS and immediately chro- 
matographed on GF-450 size exclusion column (Du Pont-New Eng- 
land Nuclear) in 0.1% SDS, pH 8.5. The fraction of free DT was 
determined by integration of the fractional release of DT normalized 
to the maximum release of DT. This value was subtracted from 1 and 
plotted on the ordinate to give the fraction of remaining conjugate. 
Half-times of hydrolysis are interpolated from the log Unear plots. 



Table I 

Half-times of hydrolysis at pH 6.5 of anti-CD5 diphtheria toxin 
conjugates made with acid-cleavabie ketal cross-linkers 



Cross-linker" 
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" Cross-linker structures are shown in Fig. 1. 

* See "Materials and Methods" for determination of tv, values. 



with acid-cleavable and non-cleavable cross-linkers. Data are 
presented for both CD5 bearing target celis { Jurkat) and non- 
target cells (Vero) devoid of CDS. The cleavable conjugate 2 
(bis-maleinaidoethoxy propane) is 10-50-f61d more potent to- 
ward target cells than those made with the non-cleavable 
cross-linkers m both 5- and 24-h assays. 

The potency of cleavable conjugate 2 exceeds that of DT 
by a factor of 10 or greater on target cells. The enhancement 
of potency cannot therefore be the result of extracellular 
hydrolysis and the release of extracellular DT during the 
assay. The potency of the cleavable conjugate is reduced 100- 
fold by competition with excess anti-CD5 (data not shown). 
The enhancement is therefore unique to the CDS uptake 
route. The anti-CDS conjugate made with cleavable conjugate 
4 exhibits the same dose-response curve as the conjugate 
made with the commercially available non-cleavable cross- 
linker, SMPB. The curves are shallow and protein synthesis 
does not decrease below the 40% value even after 24-h. Cross- 
linker 4 differs from cross-linker 2 in three respects: it is an 
acetal rather than a ketal; its construction is heterobifunc- 
tional; and its half-time of hydrolysis at pH 5.5 is 130 h 
compared to 0.7 for cross-linker 2, These data are summarized 
in Table II by listing ICso values. 

The toxicity of the anti-CDS diphtheria toxin conjugates to 
non-target cells (Vero) is also shown in Fig. 3 {right panels). 
Here intoxication can only proceed via the DT receptor and 
uptake route. Conjugation of DT with antibody markedly 
reduces DT toxicity, ICso values are increased 160- and 550- 
fold for the non-cleavable cross-linkers BMH and SMPB, 
respectively. The slowly cleavable cross -linker 4 is similar to 
SMPB. These heterobifunctional conjugates are less toxic 
than the homobifunctional BMH conjugate which more 
closely resembles cleavable conjugate 2 in structure. Changes 
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Frc. 3-8, Each panel compares the inhibition of protein synthesis 
by wild-type or mutant diphtheria toxin-based immunotoxins to a 
diphtheria toxin reference curve for that experiment labeled DT. 
Immunotoxins made with cleavable cross -linkers are labeled CC-§, 
the number indicating the cross-linker shown in Fig. 1. Non-cleavable 
conjugates are labeled NC-BMH when constructed with bie-maleim- 
idohexane or NC-SMPB (see "Materials and Methods"). The cell 
type used in the assay is indicated in the lower left of each panel. 
Below this is listed the immunotoxin targeting epitope and then the 
exposure time to toxin/immunotoxin followed by the total assay time. 
One number indicates that exposure time equals assay time. Jurkat 
cells are target cells for anti-CD3 and anti-CD5 immunotoxins and 
contain high levels of transferrin receptor (12). Colo 38 are target 
cells for HMW-MAA. Vero cells do not express these epitopes (with 
the exception of the transferrin receptor) and are used as non-target 
cells. When immunotoxins are constructed with mutant toxins the 
mutant is listed after the cross-linker. 

Fig. 3. Anti-CD5 diphtheria toxin conjugates made with cleavable 

cross-Unker 2 (O O) and non-cleavable bis-maleimidohexane 

(□ Q) are assayed on Jurkat target cells for 5 h (top left) and non- 
target Vero cells (top right); + +, diphtheria toxin. Bottom left, 

same cleavable conjugate assayed for 24 h (O O) and compared 

with the non-cleavable SMPB conjugate (A A) and the slowly 

cleavable conjugate made with cross-linker 4 (A A). H DT 

reference for O O, x, DT reference for — A A, Bottom 

right, same conjugates as bottom left assayed on Vero cells for 2 h, 
followed by a wash and a 5-h exposure. 

in cross-linker flexibility have been suggested to cause varying 
interactions of conjugate domains with cell receptors with 
resultant toxicity changes (28). Cleavable conjugate toxicity 
results on non-target cells are discussed in the following 
section. 

Effect of Varying Cleavable Conjugate Hydrolytic Rates with 
Anti-CD5 Conjugates — The failure of cross- linker 4 to en- 
hance anti-CD5 potency suggested that the hydrolytic rate of 
the acid-catalyzed cleavable cross-linker constituted a major 
variable in the enhancement process. We therefore synthe- 
sized a number of ketal cross-linkers of varying hydrolytic 
rates. Ketal hydrolytic rates can be increased through bulky 
substituents or by stabilizing the transition state which has 
considerable carbonium ion character by increased electron 
donation (29). Based on parent compounds, the hydrolytic 
rate of cross-linker 1 was expected to be 4-fold faster than 
cross -linker 2, and cross-linker 3 was expected to be 13% of 
cross- linker 2 (29). We determined the half-time of hydrolysis 
atpH 6.5 of anti.-CD5 diphtheria toxin made with cross-linker 
1 to be 4 h (1.5 times faster than conjugate 2) and for the 
cross- linker 3 conjugate 40 h (15% of the rate of cross-hnker 
2) (Table I): 

The dose -response curve of anti-CD5 diphtheria toxin con- 
jugates made with cross-linker 1 (Fig. 4, top left) is shifted to 
lower concentrations by 65% compared with cleavable cdnju-. 
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Fig. 4. Anti-CD5 diphtheria toxin conjugate made with cleavable 

linker 1 (O O) assayed on Jurkat {top left) and Vero cells {top 

right) for 5 h; + H, DT reference. Analogous conjugates made 

with cleavable cross -linker 3 assayed on Jurkat (bottom left) and Vero 
(bottom right) for 5 h. Symbols as on top. 






\ DT 


. ccA A 




JURKAT \ 




TIR 




■ 5.5 hr 






-12-11 -10 -9 -8 -12 -11 -10 -9 -8 

LOG TOXIN CONCENTRATION (M) 

Fig. 5. Top left, anti-CD3 diphtheria toxin conjugate made with 

cleavable linker 2 (O O) compared with the non-cleavable BMH 

linker (□ □) assayed on Jurkat cells for 5 h; + +, reference 

DT left. Top right, conjugates are human diferric transferrin -diphthe- 
ria toxin made with linker 2 (O O) and BMH (□ □) assay on 

Jurkat cells for 5.5 h; -f- +, DT reference. Bottom, BMH conjugates 

shown above are assayed for a 1.5-h exposure followed by a 24-h 

incubation. Left, anti-CD3 BMH conjugate (O O). + +, DT 

reference. Right, transferrin BMH conjugate (O— — O). 

gate 2. This enhancement of potency was consistently noted. 
On the other hand, the conjugate built with cross-linker 3 
(slower hydrolytic rate constant) displays a dose-response 
curve with a pronounced shift in the opposite direction. The 
slope of the conjugate 3 curve is distinctly shallow compared 
with the conjugate 1 curve, although not as shallow as the 
non-cleavable cross- linker conjugate curves displayed in Fig. 
3, left top and bottom, . 

When assayed on non-target cells, cross -linker 1 and 2 
conjugates after a 5-h exposure exhibit similar inhibition 
curves. Free DT released during this assay is calculated to 
reach 9 and 6% of the input conjugates for conjugates 1 and 
2 utiUzing rate constants of 0.0187 and 0.0125 h~\ respec- 
tively. When the exposure time of conjugate 2 is reduced from 
5 to 2 h (Fig. 3, bottom right) the IC50 value increases 3.3^fold. 
The cleavable conjugate is now only 2-3 times more potent 
than the non-cleavable BMH analog (see Table III). Similar 
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Fig. 6. Top left, anti-CD5-CRM9 conjugate made with cleavable 

linker 2 (O O) and the non-cleavable linker BMH P □) are 

compared with CRM9 (x x) and DT (+ +) on Jurkat cells 

for 5 h. Top right, same materials and same symbols assayed on Vero 
cells for 5 h. Bottom left, human diferric transferrin -diphtheria toxin 

conjugate made with the non-cleavable BMH linker (A A) is 

compared with transferrin -CRM9 conjugate with the BMH linker 

(□ □) and transferrin CRM9 conjugate with cleavable linker 2 

(O O) on Jurkat cells for 5 h. Bottom right, transferrin CRM9 

conjugates made with BMH and the cleavable linker 2 are assayed 
on Vero cells for 5.5 h following a 0.5-h exposure. 
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Fig. 7. Left, anti-CD6 cleavable conjugate 2 (O O) is compared 

with the analogous conjugate made with CRM9 (□ — -□) and the 

noh-cleavable BMH conjugate made with CRM9 (A A) for a 1.5- 

h exposure and 24-h assay. H h, DT reference. Right, anti-CD5 

cleavable conjugate 2 made with CRM103 (O O) is compared with 

the analogous conjugate made with CRM9 (A A) and the non- 
cleavable conjugate made with BMH and CRM103 (□ □); 

+ 1-^ DT reference; X X, CRM 103. Exposure and assay are 

23 h. 

data were obtained for cleavable cross-linker 1 conjugate (not 
shown). Our interpretation is that when exposure time to the 
medium is reduced there is less hydrolysis of input conjugate 
to free toxin and consequently lower toxicity. Cleavable con- 
jugate 3 is calculated to only release 1% of its input DT in 5 
h {k~ 0.002 h~*). In Fig. 4 (boUom right) it is apparent that 
the dose-response of cleavable conjugate 3 matches that of 
the non-cleavable BMH conjugate (Fig. 3, top right). This 
lack of enhancement of toxicity on non-target cells should be 
contrasted to the 13-fold enhancement on target cells of 
cleavable conjugate 3 over the BMH conjugate (Fig. 3, top 
left) ICso = 1-8 X lO"^'* M and cleavable conjugate 3 (Fig. 4, 
bottom left) ICbo = 1.4 x 10"'' M. 

To summarize the data, the ratio of the enhancement of 
the cleavable ketal conjugates over the non-cleavable BMH 
conjugate in target cells to the enhancement in non-target 
cells is at least 10-fold. While this fact may seem perplexing 
it is in keeping with the main observations of this work; there 
are wide variations between the toxicity of cleavable and non- 
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Fig. 8. Top left, HMW-MAA diphtheria toxin conjugate made 

with cleavable linker 2 (O O). The same conjugate assayed in the 

presence of 10"* M of the parent anti-HMW-MAA monoclonal anti- 
body (D □) on Colo 38 cells for 20 h after a 2-h immunotoxin 

exposure. Top right, same immunotoxin (O O) compared with the 

non-cleavable BMH analog (□ □) for a 24-h assay and 1-h expo- 
sure; + — DT reference. Bottom left, anti-HMW-MAA mutant 

toxin CRM 103 conjugate made with cleavable linker 2 (O O) 

compared with CRM 103 (-f +) on Colo 38 cells for 24 h. Bottom 

right, anti-HMW-MAA CRM103 conjugate constructed with linker 

2 (O O) compared with CRM103 and DT (-1— — h) on Vero cells 

for 24 h (X X). 

Table II 
Selected data summary, Figs. 3-6 
ICfio values are provided for inhibition of protein synthesis by toxin 
conjugates and toxins utilizing various cross-linkers. See Fig. 3 legend 
for nomenclature. 



Jurkat cells 



Conjugate or toxin 



Crosfl-linker 



5-hr assay, ICso 



Anti-CD5-DT 

Anti-CD5-DT 

Anti-CD5-DT 

Anti-CD5-DT 

Anti-CD3-DT 

Anti-CD3-DT 

Transferrin-DT 

Transferrin-DT 

Anti-CD5-CRM9 

Anti-CD5-CRM9 

Transferrin-CRMO 

Transferrin-CRM9 

DT 

CRMS 



NC-BMH 

CC-1 

CC-2 

CC-3 

NC-BMH 

CC-2 

NC-BMH 

CC-2 

NC-BMH 

CC-2 

NC-BMH 

CC-2 



2 X 10"*** 

4 X 10-" 

5 X 10-12 

1 X 10-" 
7 X 10-" 
4 X 10-" 
1 X 10-" 

3 X 10-" 
>5 X 10*^ 
>1 X 10-^ 

7 X 10-"" 
3 X 10-"° 
0.5-1.0 X 10-'° 
1 X 10-' 



" Extrapolated value. 

cleavable toxin conjugates that are uniquely dependent on the 
conjugate uptake route. 

Correlation between Cleavable Anti-CD5 Conjugate Hydro- 
lytic Rates and Protein Synthesis Inhibition — In Fig. 9 we 
have plotted the target cell inhibition of protein synthesis 
(ordinate, log scale) versus the first-order rate constant of 
conjugate hydrolysis at pH 6.5 for conjugates made with the 
three ketal cross-linkers. Plots are made at four concentra- 
tions of input conjugates. The data are from Fig. 3, top left, 
and Fig. 4, left top and bottom. The DT reference curves of 
these three experiments are not significantly different and 
therefore these conjugates may be compeu'ed. The lines con- 
necting points are least squares regression fit of the form y — 
Moe'^^' where y is the value of % control protein synthesis 
and X is the first-order rate constant. The correlation coeffi- 
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Table III 

Selected data summary (Figs. 3-8): anti-CD5 DT conjugates on non- 
target (Vero cells) 



ICfio values are provided for inhibition of protein synthesis by toxin 
conjugates and toxins utilizing various cross -link era. See Fig, 3 legend 
for nomenclature. 



Conjugate or toxin 


Cross-linker 




Assay time 






M 


h 


anti-CD5-DT 


NC-SMPB 


2 X 10-^ 


2,6 


anti-CD5-DT 


NC-BMH 


2 X 10~"^ 


5 


anti-CD5-DT 


CC-4 


7 X 10"*° 


2,5 


anti-CD5-DT 


CC-3 


5 X 10"" 


6 


anti-CD5-DT 


CC-2 


2 X 10-" 


5 


anti-CD5-DT 


CC-1 


2 X 10"" 


6 


DT 




4 X 10-" 


2. 5 


DT 




1 X 10-" 


5 


CRM9 




2x 10-« 


6 




1 I ■ t . 1 .-i . ] . I I... i . i. - -t 1 I ■ > . I — 1^^^> —1 . I .. I ■- 1. . I .,_ 

0 0.1 0.20 62.5 125 

k hr - 1 DT CONC pM 

Fig. 9. Right, protein synthesis as % control after a 5-h assay is 
plotted on a log scale on the ordinate versus the first-order rate 
constant for conjugate hydrolysis, A, for cross-linkers 1, 2, and 3 
determined at pH 6.5. Plots are done at four conjugate concentrations; 

O O, 100 pM + +, 30 pM; □ □, 10 pM; A A, pM. The 

lines are least square regression fits with the following correlation 
coefficients; 0.995, 0.999, and 0.991 ordered from lOO to 3 pM. The 
protein synthesis data is taken from Figs. 3 and 4. The rate constants 
were calculated from the half-times of hydrolysis listed in Table L 
Left, ordinate is the same as in the right panel. The abscissa is DT 

concentration. The assay time is 5 h exposure and assay (O O) 

and 1-h exposure followed by 24 h (H h). Lines are least square 

regression fits with correlation coefficients of 0.9989 and 0.9998, 
respectively. 

cients range from 0.99 to 0.999. The rationale for this type of 
plot is that inactivation of protein synthesis by diphtheria 
toxin is a first-order process (30). This is shown in Fig. 9, 
right, where under two different time periods of incubation 
percent inhibition of protein synthesis is plotted versus toxin 
concentration. The points are fitted as before, only x is now 
diphtheria toxin concentration. (The toxin concentration 
range is kept below toxin receptor saturation to preserve the 
first-order nature of the process (7).) Taken together these 
graphs suggest a relationship between cleavable conjugate 
first-order rate constant and the effective diphtheria toxin 
concentration intoxicating cells via the CD5 uptake route. 

Acid-cleavable Cross-linkers Provide Minimal Enhancement 
for Transferrin Conjugates and Anti-CD3 Conjugates — We 
have shown that cleavable cross-linkers make anti-CD5 diph- 
theria conjugates very potent; ICs? values for protein sjTithesis 
inhibition are in the vicinity of 10~" M after only 5 h of 
exposure, Anti-CD 3 diphtheria toxin conjugates and transfer- 
rin conjugates made with non-cleavable cross -linkers exhibit 
similar potencies. It was of some interest, therefore, to see if 
these systems could be further enhanced by cleavable cross- 
linkers. The CD3 and transferrin delivery systems are also of 
interest because they are equally potent for wild-type diph- 
theria toxin conjugate and mutant toxin conjugate which have 
as much as Vsooo reduced DT receptor binding (16, 17). 

We find a 2-3 -fold enhancement of anti-CD3 diphtheria 
toxin conjugates made with cross-linker 2 over BMH when 



assayed for 5 h on Jurkat cells (Fig. 5, top left; also see Table 
II). With transferrin conjugates the cleavable conjugates are 
also consistently 2-3 -fold more potent (Fig. 5, top right). This 
is in contrast to the 10-50- fold enhancement seen with anti- 
CD5 conjugates constructed with cleavable cross-linkers. On 
non -target cells anti-CD3 conjugates made with cross- linker 
2 exhibit dose-response curves similar to those of the analo- 
gous anti-CD5 conjugate (data not shown). 

When the anti-CD3 non-cleavable conjugate was exposed 
to cells for only 1.5 h, washed, and then assayed 24 h later, 
we see that the toxicity (Fig. 5, left bottom) is comparable 
with the 6-h exposure and assay (Fig. 5, left top). A similar 
assay with the transferrin non-cleavable conjugate revealed a 
diminution of toxicity over the 5-h exposure and assay. These 
findings are in contrast to the anti-CD5 system where the 
potency of a conjugate exposed to cells for I h and assayed 23 
h later exceeds by 3 -fold the 5-h exposure and assay (data not 
shown). The behavior of the transferrin system may be related 
to the transferrin receptor functioning as a high speed shuttle 
moving transferrin into and out of the cell (32, 33). 

The Effects of Substituting Toxin Mutants with Decreased 
Binding Affinities into Acid-cleauable Conjugates — We chose 
to use diphtheria toxin mutants with decreased binding affin- 
ities to probe the mechanism of toxicity enhancement ob- 
served with anti-CD5 and anti-HMW-MAA-cleavable conju- 
gates. CRM103 has Vioo the binding affinity of wild-type DT 
on Vero cells (16) while CRM9 binding is Viooo of wild-type 
DT (20). CRM103 and CRM9 exhibit Vioo and Vvooo the toxicity 
of wild -type DT on Vero cells, respectively (Fig. 8, bottom 
right; Fig. 6, top right). However both mutants exhibit equal 
toxicity on Jurkat cells, Vioo of wild-type toxins (Fig. 6, top 
left, Fig. 7, right). 

Our rationale for constructing mutant conjugates was as 
follows: if the assumption is made that the toxicity enhance- 
ment of cleavable conjugates is due to release of DT free from 
the steric constraints of the antibody within acidic intracel- 
lular vesicles, then toxins with various binding affinities be- 
come probes for a putative intracellular receptor interaction 
along the processing and translocation pathway. If the steric 
constraints are independent of an internal DT receptor inter- 
action, then the mutant toxins should be indistinguishable 
from wild-type toxins. On the other hand, if steric constraints 
are operative via the DT receptor (or similar interaction 
involving the toxin binding site) enhancement would be ex- 
pected to follow the rank order for affinity: wild -type > 
CRM103 = CRM9 (assumed from toxicity data on Jiorkat 
cells). 

The anti-CD5 system with CRM9 is shown in Fig. 6, top 
left J and tabulated in Table IV. (Note the scale change on the 
log toxin concentration axis.) The cleavable CRM9 conjugate 
has no measurable toxicity after 5 h at 10~^° M conjugate 
input. At the same concentration and time cleavable CRM 103 
conjugate exhibits 42% of control protein synthesis (data not 
shown). However, the analogous wild-type conjugate (Fig. 3, 
top left) exhibits 7% of control protein synthesis at 10"^° M 
after 5 h. In contrast, after 5 h, CRM9 transferrin conjugates 
are as active as wild-type conjugates and exhibit high potency 
on Jurkat cells (Fig. 6, bottom left). In this system CRM9 has 
similar properties previously reported for CRM 107 and 
CRM 103 (16, 17). The cleavable cross-linker enhancement of 
the transferrin-CRM9 conjugate is less than 3-fold. The high 
potency of this system is related to cell type as shown by the 
same conjugates assayed on Vero cells. Fig. 6, bottom right. 
However, even in this low potency transferrin uptake system, 
the cleavable conjugate shows minimal enhancement over the 
non-cleavable analog. 
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Table IV 

Data summary (Fig. 7): anti-CDS-CRMlOS and CRM9 conjugates on 
Jurkat cells 



ICso values are provided for inhibition of protein synthesis by toxin 
conjugates and toxins utilizing various cross -linkers. See Fig. 3 legend 
for nomenclature. 



Conjugate or toxin 


Cross -linker 




Assay time 






M 


h 


Anti-CD5-CRM9 


NC-BMH 


>1 X 10-^ 


1.5, 24 


Anti-CD5-CRM9 


CC-2 


4 X 10-" 


1.5, 24 


Anti-CD5-DT 


CC-2 


4 X 10-" 


1.5, 24 


Anti-CD5rCRMl03 


NC-BMH 


4 X 10-" 


23 


Anti-CD5-CRM103 


CC-2 


1 X 10""" 


23 


Anti-CD5-CRM9 


CC-2 


1 X 10"" 


23 


CRM 103 




5 X 10-® 


23 


DT 




7 X 10"'" 


23 


DT 




8 X 10-" 


1.5, 24 



" Anti-CD5-CRM103 with CC-2 ICm value not significantly differ- 
ent from anti-CD5-CRM9. 
* Extrapolated value 



Mutant anti-CD5 conjugates are compared after a 1.5-h 
exposure to target cells followed by a wash and assay after 23 
h of incubation in Fig. 7, left In spite of the short conjugate 
exposure, toxicity is substantial after 23 h of incubation. The 
non-cleavable BMH CRM9 and CRM103 conjugates are the 
least toxic. Construction of the CRM9 conjugate with c]eav- 
able linker 3 does not increase toxicity over the BMH con- 
jugate (data not shown). However, construction with cleavable 
cross-linker 2 increases the potency of CRM9 and CRM103 
conjugates 6-fold over the BMH conjugate, and these cleava- 
ble conjugates are equipotent (Fig. 7, right) after 23 h. They 
are also equipotent in the 1-5-h exposure 24-h assay (data not 
shown). The analogous cleavable wild-type conjugate displays 
another 10-fold increase in potency over the mutant cleavable 
conjugates (Fig. 7, left). Since these mutations involve the 
toxin binding site, the strong inference is that the enhance- 
ment provided by the wild-type toxin acts via a toxin-toxin 
receptor interaction. 

Acid'cleavable Cross-linkers Enhance Anti-high Molecular 
Weight Melanoma-associated Antigen Conjugates — Because 
conjugate toxicity with mutant versus wild-type toxins and 
cleavable versus non-cleavable cross -linkers varied markedly 
with uptake route, we decided to explore uptake via HMW- 
MAA. Preliminary kinetic studies showed that the inactiva- 
tion rate of protein synthesis inhibition at 10"^° M is slower 
with anti-HMW-MAA diphtheria toxin cleavable 2 conju- 
gates (0.1 log h"^ compared with 0.25 log h~^ for the analogous 
anti-CD5 conjugate (data not shown). The anti HMW-MAA 
is cleared less rapidly than anti- CD 5 conjugates from the 
surface membrane as determined by adding antitoxin serum 
at various times after a 1-h pulse exposure to conjugates. 
(Colo 38 cells require 4 h prior to addition of antitoxin to 
express 95% of the conjugate toxicity in contrast to 1 h for 
either DT toxicity or anti-CD5-cleavable conjugate 2 toxicity 
on Jurkat cells, data not shown.) 

Anti-HMW-MAA diphtheria toxin made with cleavable 
cross-linker 2 exhibits an IC50 on Colo 38 target cells at 
-10-^' M after 24 h (Fig. 8, top panels, and Table V). These 
dose-response curves are nearly identical to that of DT. The 
cleavable conjugate is 3-10-fold more potent than the non- 
cleavable BMH conjugate (Fig. 8, top right). Although the 
cleavable conjugate has equal toxicity to DT, the uptake route 
is mainly via the HMW-MAA receptor because antibody 
conjugation greatly diminishes the DT receptor-mediated, 
toxin route. This is substantiated by the 30-fold increase in 
ICes value on competition with excess (10"^ m) anti-HMW- 
MAA monoclonal antibody (Fig. 8, top left), (In this figure 



Table V 

Selected data summary of Fig. 8: anti-HMW-MAA conjugates on 
COW 38 cells 



ICao values are provided for inhibition of protein synthesis by toxin 
conjugates and toxins utilizing various cross-linkers. See Fig. 3 legend 
for nomenclature. 



Conjugate or toxin 


Crosa-linker 








ABsay time 


Anti-HMW-MAA-DT 


NC-BMH 


7 


X 


M 

10- 


•11 


h 

1. 24 


Anti-HMW-MAA-DT 


CC-2 


7 


X 


10- 


•12 


2, 20 


Anti-HMW-MAA-DT 


CC-2 


3 


X 


10- 


■lOo 


2. 20 


+ excess anti-HMW-MAA 














Anti-HMW-MAA-CRM103 


CC-2 


3 


X 


10- 


■10 


24 


CRM103 




4 


X 


10- 


■10 


24 



" Extrapolated value. 



the ICes comparison is made in order to avoid comparisons 
made between data extrapolated beyond bracketing data 
points.) 

In the case of the anti-HMW-MAA (Fig. 8, left, and Table 
V), we see that the CRM 103 -cleavable conjugate has Vio the 
potency of the wild-type conjugate. We lacked sufficient an- 
tibody to make a more detailed study of this system. The 
combination of reduced mutant conjugate toxicity compared 
with wild-type and a 6-fold increase in toxicity of the cleavable 
conjugate over the non-cleavable conjugate places the HMW- 
MAA system closer to the CD 5 uptake system rather than 
the CD3 and transferrin uptake systems. These data show 
that wild-type and mutant diphtheria toxin conjugates have 
toxicities that are in large part determined by the epitope 
initiating the cellular uptake. 

DISCUSSION 

The data presented show that cleavable ketal cross-linkers 
1,2, and 3 enhance the potency and efficacy of anti-CD5 
diphtheria toxin conjugates beyond that achieved with non- 
cleavable cross -linkers. For the three ketal cross-linkers en- 
hancement is correlated with the experimentally determined 
first-order rate constant of conjugate hydrolysis at pH 6.5. 
The correlation is seen when the log % control protein syn- 
thesis values, obtained over a range of conjugate concentra- 
tions, are plotted versus experimentally determined conjugate 
hydrolytic rate constants (Fig. 9, left). This plot may be 
regarded as analogous to a plot of log % control protein 
synthesis versus diphtheria toxin concentration shown in Fig. 
9, right. The log linear relation observed is expected for any 
dose -dependent single hit killing or inhibition process which 
is operating below receptor saturation (7). 

We think that the simplest explanation for these correla- 
tions is that after antibody-directed receptor- mediated uptake 
the cleavable conjugates are hydrolyzed in part, to free toxin 
and antibody; at any given time the amount of intracellular 
hydrolysis is proportional to the first- order rate constants 
measured at pH 6.5; free intracellular toxin released after 
importation via CD5 is more potent than conjugated toxin 
imported via CDS. 

We do not not know the rates of hydrolysis of these cleav- 
able antibody conjugates within acidified intracellular com- 
partments. We can think of no reason why the rates might be 
significantly slower than our experimentally determined rate 
constants. However, the rates could be faster because acetals 
and ketals are subject to local anionic effects. An example is 
catalysis by anionic detergents. Suggested mechanisms are 1) 
stabilization of the developing carbonium ion transition state; 
2) locally increased concentration of hydronium ions in the 
vicinity of the substrate-detergent complex; 3) general acid 
catalysis by the protonated detergent (22). Similar effects 
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could be mediated at membrane vesicle interfaces. In addition, 
it is possible that heterogeneity exists in the hydrolytic rates 
due to the relatively random nature of the toxin antibody 
cross-linking process and subsequent secondary local anionic 
effects. Our method of determining hydrolytic rate yields only 
the bulk rate and does not distinguish faster rates comprising 
5% or less of the substrate. 

We have, however, acquired direct data utilizing conjugates 
radiolabeled in the toxin moiety, demonstrating hydrolysis of 
cleavable antibody-toxin conjugates within a prelysosonaal 
compartment.^ The interpretation of these studies is compli- 
cated by the fact that diphtheria toxin undergoes processing 
to lower molecular weight components within acidic vesicles.^ 
We have also obtained direct evidence for prelysosomal hy- 
drolysis of cleavable transferrin conjugates where it has been 
possible to determine the fraction of conjugate cleaved per 
transferrin cellular transit." These results will appear in future 
publications. 

The results of the conjugate toxicity studies, made with 
cleavable and non-cleavable conjugates utilizing mutant and 
wild-type diphtheria toxin, reveal a pattern dictated by uptake 
route. Anti-CD3 and transferrin conjugates fall into one 
group. Potency is high with these non-cleavable conjugates. 
Cleavable conjugates provide minimal potency enhancement 
(2-3 -fold), and toxin mutants, compromised in surface recep- 
tor binding, are equipotent to wild-type toxins as described 
previously (16, 17). 

Anti-CD5 and anti-HMW-MAA conjugates are a second 
group. Potency of non-cleavable conjugates is low relative to 
the first group. Substituting a cleavable cross-linker for the 
non-cleavable cross- linker enhances potency 10-fold or more. 
Substituting a toxin binding mutant reduces potency to 10% 
of the wild-type toxin with a cleavable cross -hnker. 

Both toxin binding muUnts CRM9 and CRM103 behaved 
similarly on Jurkat cells alone or in anti-CD5 conjugates. The 
mutation in CRM9 leading to reduced binding has not yet 
been characterized. However, CRM103 contains a single 
amino acid replacement of serine with phenylalanine at po- 
sition 508 in the C terminus of the toxin, and this mutation 
results in a binding affinity equal to 1% of the wild- type toxin 
(16). Our results show that serine 508 is required for maximal 
conjugate toxicity when uptake occurs via CD5 or HMW- 
MAA. The inescapable inference is that the DT toxin receptor 
or a similar structure aids in mediating efficient toxicity after 
uptake via the alternate receptor. Two different membrane- 
associated DT binding structures of varying molecular size 
have been identified (34). However, individual roles in the 
toxicity process have not been elucidated. 

The toxicity enhancement going from an anti-CD5 non- 
cleavable conjugate to a cleavable conjugate with mutant 
toxins needs explanation. We favor the same explanation as 
above, namely interaction with an internal toxin receptor, 
even though in this case potency is reduced to 10% of the 
wild-type conjugate, due to the reduced interaction of the 
mutant for the toxin receptor. The quantitative aspects of 
this interaction within an acidic compartment may be differ- 
ent from binding affinities of mutant and wild type measured 
at the surface membrane at pH 7.4. An alternative explanation 
is that the cleavable cross-linker, by reducing steric con- 
straints, facilitates flux along the translocation pathway by a 
process independent of the DT receptor. However, this facil- 
itation is not noted to this degree in uptake via CD3; nor is it 



^ D, M. Neville, Jr., K. Srinivasachar, and R. Stone, unpublished 
observations. 

* H. Wellhoner, K. Srinivasachar, and D. M. Neville, Jr., unpub- 
lished observations. 
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Fig. 10. Receptor segregation along the diphtheria toxin 
translocation pathway. One possible scheme is diagrammed which 
employs vesicle fission. All of the receptors under consideration are 
endocytosed into the sanie vesicles. Following acidification the rout- 
ing diverges. DTR, CDS, and TFR (and their associated bound li- 
gands) are segregated at one vesicular pole and CDS and HMW-MAA 
are segregated at the other. Following segregation but before vesicular 
fission DT set free by hydrolysis from a cleavable anti-CD5 or anti- 
HMW-MAA conjugate can become associated with free segregated 
DT receptors. This is the point of cross-over facilitated by the acid- 
cleavable cross-linker. Vesicle fission then bifurcates the pathway to 
compartments differing in their efficiency to translocate DT. 

noted in murine ceils, which lack productive toxin receptors, 
with anti-Thy CRM9 conjugates where toxicity is identical 
with cleavable and non-cleavable conjugates and equipotent 
to wild-type toxin conjugates.* 

What types of mechanisms could account for the differences 
between CDS- and TfR-mediated toxicity versus CDS and 
HMW-MAA mediated toxicity? We speculate that there are 
two parallel uptake routes and acid processing routes that are 
partially segregated. These routes can converge on or before 
the site of toxin membrane translocation. CDS, TfR, and the 
DT receptors are capable of moving conjugates (or DT toxins) 
to the compartment of efficient toxin translocation. Trans- 
location per se does not require a DT receptor interaction. 
Translocation of toxin A chain into the cytosol, where the 
toxin meets its substrate (elongation factor 2), is not greatly 
hindered by conjugated antibody, or alternatively, the hind- 
ering antibody is removed by proteolytic processing within 
this compartment prior to translocation. Conjugate uptake 
via this route to non- target cells via the DT receptor is 
restricted by reduced binding due to steric inhibition of the 
toxin binding site by the conjugated antibody. 

On the other hand, uptake via CDS and HMW-MAA takes 
a different route and leads to a compartment that cannot 
efficiently translocate DT or toxin binding site mutants. 
Surface membrane DT receptors are not cycled through this 
compartment- However, the route to this compartment con- 
tains DT receptors that may or may not be identical to the 
surface receptors cycled together with CDS and TfR. (Two 
distinct DT receptors have been identified (34).) Access to 
the translocating compartment can be via these DT receptors 
that are able to facilitate transport in some unknown way. 
The cleavable cross- linker enhances this interaction, more 
efficiently for wild-type toxin, by reducing steric hindrance in 
proportion to the fraction of free toxin released by hydrolysis. 
Thus, two effects are additive for toxicity: the degree of toxin 
receptor interaction and the rate of cross-linker hydrolysis. A 
diagrammatic representation of such a scheme is shown in 
Fig. 10. 

The model described above has some features that are 



J. Marsh, personal communication. 
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supported by previous studies. First, there are similarities 
between CD3 and TfR. Both operate as shuttles between an 
internal compartment and the surface membrane (35, 36). 
Moreover, in T cells, CD3 and TfR shuttle to the same 
internal compartment that is associated with the microtubule 
organizing center (31). This compartment largely excludes 
CD4, CDS, and CDll (unfortunately, CD5 was not measured) 
but does concentrate class I major histocompatibility complex 
antigens and may be involved in processing recognition reac- 
tions (31). 

The degree to which these speculations fit reality awaits 
future clarification. What seems clear is that the requirement 
for a DT receptor interaction for maximal conjugate toxicity 
is predicated by uptake route. Where the route requires the 
DT receptor interaction the cleavable cross-linker provides a 
definite benefit by enlarging the therapeutic window between 
target and non-target cell toxicity. This is apparently achieved 
by reversibly blocking the DT receptor interaction via anti- 
body conjugation and permitting release of this necessary 
function within acidified vesicles. 

Our data with cross-linkers of varying hydrolytic rates 
indicate that conjugates made with cross-linkers with even 
faster hydrolytic rates would be more toxic to target cells. 
However, the utility of these in vivo is limited because of the 
significant eunount of hydrolysis that occurs at the extracel- 
lular pH of 7,4. For example, cleavable conjugate 2 hydrolyzes 
to the free toxin at approximately 1%/h at this pH. Cross- 
linker 3 with the slowest hydrolytic rate actually gives the 
widest therapeutic window with wild-type toxin; however, the 
maximal target cell kill is compromised. The mutant toxins 
with the cleavable cross- linker also exhibit a wide therapeutic 
window but again maximum cell kill is compromised. (We are 
currently evaluating the in vivo therapeutic utility of the 
cleavable conjugates described in this paper utilizing Jurkat 
cells in a nude mouse system.) It is likely that the in vivo 
toxicity of mutant toxins can be further diminished by reduc- 
ing the number of residues in the C terminus binding region 
without impairing toxicity via the TfR and CD 3 uptake routes 
(8, 10); but this would reduce conjugate toxicity by uptake 
routes requiring DT receptor interactions. It will be essential 
to identify other surface receptor uptake routes that resemble 
the CD3 and TfR situation with respect to DT mutants and 
to define the responsible features. 

Another aspect for future work is to find alternate methods 
for reversible release of essential functionalities within cellu- 
lar compartments that are targeted to cells in a blocked form. 
Linkages with enzyme-sensitive bonds cleaved by enzymes 
that are localized along the translocation pathway would be a 
possible example. It also should be possible to design pH- 
sensitive cross-linking reagents that utilize cooperative inter- 
actions and therefore exhibit a reaction order greater than 1 
with respect to [H"^] and thereby further enlarge the thera- 
peutic window of targeted reversibly blocked delivery systems. 
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